Introduction
Many of the recent innovations in K-12 science instruction share the common goal of embedding classroom learning within rich contexts that students find both intellectually and socially meaningful. Though curricular models vary greatly, many efforts to achieve this goal share an important feature: Rather than being organized around a traditional disciplinary structure, these curricula are organized around a task. This approach has been given many names and has taken many forms; these include varieties of "anchored" or "problem-based" instruction (Barron et al. 1998; Williams 1992; Barrows and Tamblyn 1980; Duschl and Gitomer 1997) , "project-based" instruction (Krajcik, Czerniak, and Berger 1999) , "learning by design" (Harel 1991; Kolodner et al. 1998) , and "goal-based scenarios" (Schank et al. 1993 (Schank et al. /1994 .
In all of these approaches, the curriculum is not organized as a systematic progression through a list of traditional content topics. Instead, the structure of the curriculum is provided by problems, goals, or issues that cut across multiple traditional areas of content. We call curricula that are organized around problems, goals, and issues task-structured, as opposed to traditional contentstructured, curricula.
In abandoning the content-structured approach, we should be aware that we are proposing a dramatic change, and setting out on uncertain ground. In this paper, we will argue that taskstructured curricula address a fundamentally different slice of content. By their nature, individual task-structured curricula tend to address content across a range of traditional disciplines. Furthermore, because of these fundamental differences in the content that is addressed, there may be implications for the learning processes that are associated with these curricula. There may be substantial differences, for example, in the range of prior knowledge that is relevant for learning, in the nature of the changes to this knowledge that must occur, and in the form of the final understanding that is produced.
These observations suggest the need for a new program of research, one that takes these differences seriously, and seeks to understand their implications. This program is a large one, and our work is at an early stage. Thus, our purpose in this chapter is simply to point the way; we will endeavor to give a sense for the range of issues that need to be addressed, and the analytical methods that we believe should be employed. Furthermore, our discussion here is limited to issues pertaining to science content, where "content" is narrowly construed. There are dramatic differences between task-structured and content-structured curricula along a number of dimensions. For example, there are likely substantial differences in the extent to which each type of curriculum addresses epistemic issues, such as beliefs about the nature of science. However, our focus will be on science content, understood in a more traditional sense. We will elaborate on what this means as the chapter proceeds.
In the remainder of this chapter, we begin with a more extended discussion of the differences between task-structured and content-structured curricula. Then, we will illustrate these differences using a task-structured curriculum that we have developed, the Global Warming Project. Finally, we will describe some of our initial attempts to study the learning processes associated with the Global Warming Project, with particular emphasis on an issue that we refer to as the bootstrapping problem.
How task-structured curricula are different
Arguments for task-structured curricula are typically based on two central premises: (1) learning should occur in contexts in which new knowledge is useful for students, and (2) students should engage in practices that, in some manner, mimic the practice of scientists. Because of their belief in these premises, designers of task-structured curricula assign a high-priority to certain properties in their designs. First, they attempt to design activities in which learners are given some overarching goals. These goals drive the need for learning, and provide the activities with some degree of connectedness. Second, they attempt to engage learners in something like authentic scientific activity.
The various task structures mentioned above help to endow task-structured curricula with these properties. They provide overarching structure and, it is hoped, they give students experience with fundamental aspects of the scientific endeavor, such as reasoning from data, and reasoning about complex problems. In the literature, the overarching structure takes a number of forms. For example, as summarized in Table 1 , science is sometimes learned in the service of a design challenge, such as the design of a subway system (Kolodner et al. 1998) . Alternatively, in some instances, students learn by investigating a "driving question" that has relevance to their lives (Krajcik, Czerniak, and Berger 1999) .
Name of approach
Representative sources Organizing structure Example Anchored or problem-based instruction (Barron et al. 1998; Williams 1992; Duschl and Gitomer 1997; Barrows and Tamblyn 1980) problem Medical students learn both basic science and diagnosis by studying the records of an actual patient. (Williams 1992; Barrows and Tamblyn 1980) Project-based science (Marx et al. 1994; Krajcik, Czerniak, and Berger 1999) driving question
Students learn about chemistry and watershed ecology by working on the question "What is the water like in our river?" (Krajcik, Czerniak, and Berger 1999) Learning by design Harel, 1991; Kolodner, Crismond, Gray, Holbrook, & Puntambekar, 1998 design challenge Students learn about rocks and rock formations in the context of designing an imaginary subway system. The increased interest in task-structured curricula is part of a larger trend in the science education community; namely, researchers have increasingly come to believe that the teaching and assessment of scientific content must be integrated with the teaching and assessment of process (Gitomer and Duschl 1998) .This trend is reflected in the National Science Education Standards (National Research Council 1996) . The standards state: "Students at all grade levels and in every domain of science should have the opportunity to use scientific inquiry and develop the ability to think and act in ways associated with inquiry" (p. 105). Furthermore, the NSES standards are clear that they intend their conception of inquiry to include more than the teaching of isolated process skills, and more than the teaching of a step-by-step sequence that constitutes the "scientific method."
In the vision presented by the Standards, inquiry is a step beyond "science as a process," in which students learn skills, such as observation, inference, and experimentation. The new vision includes the "processes of science" and requires that students combine processes and scientific knowledge as they use scientific reasoning and critical thinking to develop their understanding of science. (p. 105)
Task-structured curricular approaches are certainly consistent with this broader movement. However, in some respects, they may be seen as departing from the default conception of scientific inquiry that is advocated in the standards. The central premise of the task-structured approach is that learning should occur in contexts in which new knowledge is useful for students. Students develop scientific knowledge in order to serve a specific overarching goal, such as solving a problem or building a device. In contrast, in the default conception, scientific inquiry may be geared simply toward understanding phenomena in the world; students are asked to describe phenomena, and understand how and why they occur. In this conception of inquiry, the new knowledge acquired by students is useful, but only in the broader sense of providing an explanation of scientific phenomena.
The premises that underlie task-structured curricula are compelling and plausible, and they are consistent with current beliefs about the nature of learning (e.g., Bransford et al., 1999) . However, we believe that there is substantial work to do in elaborating what we believe is learned in task-structured, and to establish whether these beliefs are borne out. As we will argue, articulating what is learned in task-structured curricula poses some particular challenges, and there are real reasons to worry that task-structured curricula may not succeed in achieving the content-learning goals that are intended by their designers.
In order to elaborate on the contrast between task-structured and content-structured curricula, we engage in analyses from two perspectives: (1) an analysis of the content addressed, and (2) an analysis of the learning processes that occur in each style of curriculum. In the remainder of this section, we introduce these two perspectives, and we discuss some of the issues raised by each type of analysis. (Tipler, 1976) .
Content in task-structured curricula
When we refer to the "content addressed" we have a very particular perspective in mind, and will be giving a very particular type of account. Our accounts of the "content" are in terms of the shared, public language that is employed within the discipline that is the subject of the curriculum. Such an account would employ, for example, the terminology used in a textbook. Indeed, the table of contents of a science textbook is, in a sense, an analysis of the content addressed by the textbook; it divides the subject matter to be covered, and it defines a pathway through that subject matter. For illustration, consider the portion of a table of contents, shown in Figure 1 , that is taken from a physics textbook. This table provides a particular perspective on the content, the topics that will be covered and how they will be sequenced.
When viewed from this content perspective, it is clear that there is a profound dissimilarity in the driving logic of the two styles of curriculum. When setting out to design a content-structured curriculum we ask: What are the key concepts in this discipline and how can we build them up in a logical manner? In contrast, when setting out to design a task-structured curriculum we ask: What would make for an engaging task and would also allow useful content to be addressed? How can we scaffold students as they move from start to finish on this task? Because of this profound difference in driving logic, we can draw two important conclusions concerning the nature of content in a task-structured curriculum:
(1) The content required to engage in a meaningful task tends to cut across multiple traditional areas of content. Thus, the slice of content associated with a particular task-structured curriculum unit may well differ from the slice that would be associated with any contentstructured curricula. This does not necessarily mean that, over the course of a year or multiple years, different content will be addressed. Nor does it mean that the content in a task-structured curriculum is without logic or integrity. But it does mean that, at the least, this content will be organized into units and sequenced in a very different manner.
(2) In a task-structured curriculum, the task not only dictates what will be taught, it also dictates the manner-or "depth"-to which the various portions of disciplinary content must be understood by students. For this reason, some issues will be covered in great depth (measured against our traditional conceptions of a discipline). In other places, students will learn just enough to "get by." In contrast, in a content-structure curriculum, we often attempt to build up content in a manner that we believe reflects the a priori structure of a discipline.
For illustration, consider problem-based medical instruction (Barrows and Tamblyn 1980) . In this innovative approach, the learning takes place in the context of medical problems. Students are given the medical history of a patient, including a list of symptoms, and they investigate the potential causes of the patient's complaints. In the course of these investigations, they typically conduct and share research that cuts across several traditional content areas. For example, they might have to learn a little anatomy, some biochemistry, etc. Thus we see that the content covered within any unit of instruction will tend to cut across disciplines.
Furthermore, the issue of depth is also evident in this type of instruction. Suppose, for example that a particular medical problem requires students to understand a case in which a patient appears to have suffered significant blood loss. For this case, students might need to know about some aspects of the cardiovascular system in great detail, such as hemodynamics and the properties of the heart as a pump. In contrast, they might only need a cursory understanding of other related topics, such as how, exactly, the muscles in the heart allow it to exhibit its particular pump-like properties. Where depth is required is thus dictated by the problem at hand.
The need for an account of learning in task-structured curricula
An analysis of the content addressed, as we defined it in the previous section, does not necessarily tell us how this content is understood or learned by individuals. Consider, once again, the portion of a table of contents that is shown in Figure 1 . This table of contents tells us that Newton's Third Law will be part of the content that is addressed. However, it does not tell us what it means for an individual to understand Newton's Third Law -it does not describe the collection of knowledge that underpins this understanding. Furthermore, it also does not describe important aspects of the learning process; it does not tell us, in explicitly cognitive terms, what relevant knowledge students are assumed to possess upon entry, or how this knowledge will change as the students progress toward understanding.
This suggests that another type of analysis is needed, one that provides a more explicitly cognitive account of the learning that occurs. Some curricula, as part of their specification, come equipped with a learning theory, an explicit account of the cognitive changes that are to be engendered. Other curricula do not come with such an account.
One type of science curriculum that generally is accompanied by a learning theory are what we will refer to as prior-conceptions-driven curricula. Beginning in the late 1970s and early 1980s, research concerning students' prior conceptions became prominent (Wandersee, Mintzes, and Novak 1994; Driver 1994; Smith, diSessa, and Roschelle 1993; Eylon and Linn 1988; Pfundt and Duit 2000) . In response to these observations, researchers were led to advocate for curricula that were designed with the explicit intention of addressing prior conceptions. For example, Smith and colleagues (Smith et al. 1997 ) developed a successful curriculum for teaching 8 th -graders about matter and density. In their design efforts, this research team assumed, very explicitly, that it was necessary to address prior conceptions. They thus began with a systematic investigation of students' understanding of density and the nature of matter, and then articulated precisely what sort of changes were required for students to move to more appropriate understandings. In this regard, an important observation was that, prior to instruction, many of the students seemed to have an undifferentiated notion of weight and density. Thus, one goal of instruction, Smith and colleagues surmised, must be to help students acquire differentiated notions of weight and density.
The central point here is that prior-conceptions-driven curricula were developed with contentspecific learning theories in mind. Note, for example, that what Smith and colleagues developed was not just a curricular intervention; it was curricular intervention and an account of student learning, all rolled into one. They mapped out student conceptions and the relevant conceptual territory, and then carefully moved students through this territory. This is entirely typical of prior-conceptions-driven curricula; part-and-parcel of these curricula is an account, from beginning to end, of the conceptual change that the curriculum is intended to engender.
The situation in task-structured curricula is quite different. The central image is one of students moving through a task, not of students moving through a conceptual space. This is not to say that the designers of task-structured curricula do not worry about drawing out student conceptions and making sure that students engage with those conceptions. But, unlike curricula that are driven primarily by a desire to address prior conceptions, task-structured curricula typically do not come equipped with a single broad account of the conceptual change that is to be engendered.
Thus, an attention to the learning perspective indicates one important issue: task-structured curricula, when developed, tend not to come equipped with detailed accounts of learning. This suggests an obvious goal, we can set out to develop detailed accounts of this sort. However, there are reasons to believe that producing accounts of conceptual change for task-structured curricula will be particularly difficult -more difficult, for example, then describing the learning that will occur in a curriculum that is focused tightly around matter and density. Because task-structured curricula often address content across a range of traditional disciplines, these curricula may produce learning outcomes that are difficult to encapsulate and characterize.
Thus, with respect to learning, we have just made two points. First, we pointed out that, unlike prior-conceptions-driven curricula, task-driven curricula tend not to come equipped with detailed accounts of the accompanying learning process. Second, we stated that there are reasons to believe that such accounts will be difficult to produce -it is simply more difficult to describe the learning that occurs in a task-structured curriculum. However, neither of these two points addresses a third issue: the question of whether task-structured science curricula can be successful in achieving their specific content learning goals. Clearly, this is one of the central questions that our empirical and analytic work must address.
Indeed, there are some very serious reasons to worry whether any particular task-structured curriculum can achieve its learning goals, and lead to rigorous content understanding. In this paper, we want to draw out and emphasize one particular reason for worry, revolving around what we call the bootstrapping problem: How can we expect students to work on problems and issues that cut across multiple disciplines if we have not already provided them with a solid foundation in these disciplines? This is just one question, but we believe it is a central and critical one, and we give it special attention in the remainder of paper.
A task-structured curriculum: The Global Warming Project
In order to provide some grounding for the above discussion, we will now illustrate some of our points in the context of one particular task-structured curriculum, the Global Warming Project (Edelson, Gordin, & Pea, 1999) . First, we will discuss the curriculum itself, with issues of content structure in mind. Then we will discuss some empirical work with students in order to further our discussion of learning and, in particular, of the bootstrapping problem.
Overview of the GWP
The Global Warming Project (GWP) is an 8-10 week middle school science unit created by the Center for Learning Technologies in Urban Schools at Northwestern University in collaboration with Chicago Public Schools. The learning goals of the GWP designers were wide-ranging. Included in these goals were content objectives, in the narrow sense. As we will discuss, the curriculum touches on such topics as the Earth's energy balance and the carbon cycle. But the goals also went beyond these narrow content objectives. As is typical of task-structured curricula, the designers had the intention of engaging students in authentic scientific processes (and thus helping them to develop some of the related skills, as well as a better understanding of the nature of these processes). Furthermore, the curriculum was intended to educate a population of students about a potentially serious problem faced by our society, global warming, and, more broadly, to address issues of the relationship between science and public policy.
In the GWP curriculum, the students adopt the role of scientific advisors to heads of state for various countries, and they are given the task of preparing briefings for the leaders of their respective countries. More specifically, the curriculum is organized around three briefings that students must prepare, each of which pertains to some aspect of global climate change:
(1) How could we tell if the Earth were getting warmer?
(2) What might be causing global warming? To answer the first question, students investigate some of the challenges that underlie any attempt to determine whether the Earth is indeed getting warmer. They begin by measuring the temperature in various parts of their school, looking for variation across space and over time. This provides students with an opportunity to think about such issues as: Given measurements of temperature across locations, how should we compute an average value? Given variations over time, how can we draw conclusions about patterns and trends? In addition to these investigations of temperature variation in their schools, the students look at temperature variation over a variety of time-scales given historical temperature data from their city. They also investigate spatial temperature variation by constructing and examining scientific visualizations that show temperature over the Earth's surface. They view these visualizations using software called WorldWatcher. (An example is shown in Figure 2 .)
Second briefing: What might be causing global warming?
In some respects, the work associated with the second briefing is the heart of the GWP. It is in this part of the curriculum that the students begin to learn about the Earth's energy balance. The diagram in Figure 3 , which is taken from the WorldWatcher software, gives a schematic overview of what happens to the solar energy that is incident upon the Earth. As is made clear by the diagram, the process is relatively complex. Some of the incident solar energy is reflected by the Earth, while some is absorbed and later re-emitted. Furthermore, some of this re-emitted energy escapes to space, but some is trapped by the atmosphere due to a process known as the Greenhouse Effect. The GWP curriculum takes the time to unpack and elaborate some of the subcomponents of the process shown in Figure 3 . To do this, the curriculum employs lab experiments focused on particular properties of light, as well as computer-based work with scientific visualizations. For example, in one laboratory experiment, students shine a penlight on a sheet of paper, while varying the angle of the light. This lab is intended to help students develop an understanding of how intensity varies with the angle of incidence of light. In addition, students perform an experiment that is designed to help them understand how reflectivity of a surface depends on its color. They make envelopes out of sheets of paper of various colors, and they put thermometers inside these envelopes. Then they shine a light on the envelopes in order to see how the color of the paper affects the readings seen on the thermometers.
Third briefing: What are the predicted implications of global warming for individual countries and what solution strategies should they pursue?
The third part of the GWP contains the culminating activities. In this part of the curriculum, the students obtain and study additional background information. For example, they study datasets concerning aspects of human impact on the environment, such as data concerning carbon dioxide emissions. In addition, they look at the predictions of some models for temperature increase in the future years, given assumptions concerning the increase in carbon dioxide. Using this new data, as well as the understanding they have developed in the previous parts of the curriculum, the students make predictions and propose solutions for their individual countries.
Content in the GWP
It is clear that, in order to prepare the briefings specified in the GWP, students need to understand content that is usually taught separately in a number of distinct disciplines, such as biology, chemistry, physics, and the earth sciences. To further convey the range of content that is addressed, Figure 4 shows the energy balance diagram from Figure 3 , annotated with some of the topics that are covered. The first briefing is primarily concerned with the bottommost oval, particularly spatial and temporal variation in surface temperature. The second briefing is concerned with the left part of the diagram. Students learn about incoming solar energy, and how this affects temperature on the Earth. They also learn how the temperature at particular locations on the Earth depends on the angle of incident sunlight, and on surface reflectivity. Finally, in the activities leading up to the third briefing, the students address topics associated with the right side of the diagram in Figure 4 . They learn how the greenhouse affect is tied to the composition of our atmosphere. This, in turn, necessitates some discussion of many sub-topics, including respiration, photosynthesis, the CO 2 cycle, and the hydrological cycle. Finally, they learn about how the activities of humans have had an impact on factors that determine the temperature at the Earth's surface.
In order to understand the potential causes and mitigation strategies for global warming, it is absolutely necessary that aspects of all of these topics be included in the curriculum, at least in some manner. Students must understand the transfer of energy as it passes into, through, and out of the Earth-atmosphere system. They must understand the factors that determine how much solar energy is reflected back into space and how much is absorbed by the Earth's surface and atmosphere. They must also understand the role that atmospheric "greenhouse" gases play in trapping the resultant heat within the Earth-atmosphere system. Finally, they must understand the natural and anthropogenic processes that cause greenhouse gases to be emitted into and removed from the atmosphere. It is easy to see that this selection of content around the threat of global warming leads to a very different slice of content than would be found in any traditional disciplinary curriculum.
The second property of task-structured curricula, the issue of "depth," follows quickly from the first property. Clearly, it would not be possible -or necessary -for the Global Warming curriculum to address all of the above topics to a high level of scientific detail. As with all taskstructured curricula, the task not only dictates what will be taught, it also dictates the manner in which the various portions of disciplinary content must be understood by students. Within the context of the GWP, extensive attention to the processes underlying photosynthesis, for example, would probably not be sensible. Because the issues here are very important, we want to illustrate them further by working through one part of the Global Warming curriculum in some detail. As described above, in the GWP, students must learn what happens to the solar energy that is incident upon the Earth. Some of the relevant information was shown in the diagram in Figure 3 , which illustrates the Earth's energy balance. In the teacher's manual that accompanies the Global Warming curriculum, the teachers are given the following description:
Sun's rays reach the earth's atmosphere. Some sunlight is reflected by the earth's atmosphere and surface. Some sunlight is absorbed by the earth's atmosphere and surface. The energy that is absorbed contributes to the warmth we feel. … Part of what students are intended to learn in the GWP is the story that is encapsulated in these few lines. However, in order for students to understand the climate phenomena that underlie global warming, some aspects of this story must be significantly elaborated; that is, more time must be devoted to unpacking some aspects of the relevant phenomena. For example, one place that the curriculum elaborates is around the factors that influence earth-atmosphere reflectivity. Students learn that the fraction of light that is reflected by the Earth's surface and atmosphere varies over the Earth. Roughly speaking, where the surface and atmosphere are lighter in color, more sunlight bounces off, and the Earth is cooler. In contrast, where the surface is darker, less sunlight bounces off, and the Earth is warmer. This content is important primarily because the enhancement of reflectivity is one type of mitigation strategy for global warming.
Another place that the curriculum elaborates is in how incoming solar energy varies over the surface of the earth. The students learn that, because sunlight strikes the Earth more directly near the equator, the amount of incoming solar energy is greater nearer the equator than near the poles (refer to Figure 5 ). The GWP devotes a significant amount of time to this issue. For example, as mentioned above, the students perform a lab in which a flashlight is shone on a piece of paper, with the flashlight inclined at various angles. In addition, they engage in computer-based analyses of scientific visualizations that show how incoming solar energy varies over the surface of the Earth (refer to Figure 6 ). Once again, the point here is that where the curriculum elaborates depends in a sensitive manner on the requirements of the task. This is made somewhat clear when, as above, we note where the curriculum chooses to focus attention. However, this sensitive dependence on task can be made even more striking if we look closely at what is not addressed by the curriculum. For illustration, consider again issues surrounding reflectivity and incoming solar energy. We can ask: How much do students really need to know to understand the relevant issues? For example, do they need to know why lighter colors reflect more than darker colors, or simply that they do? More fundamentally, do they need to know what light is? Do they need to know what energy is?
Once again, it would not be possible for the curriculum to answer all of these questions to a high level of scientific precision. The GWP does work hard to teach students the simple fact that lighter colors reflect more than darker colors, but it does not attempt to teach them why. More profoundly, the curriculum does not ever directly attempt to help students learn about the basic nature of light. Instead, the GWP chooses to rely on the intuitive understandings of light that students possess prior to the curriculum. This is important, and we will say more in a moment.
Actually, the issues here are a little more subtle than we have painted them. Really, in every curriculum, we must rely on the intuitive understandings of students. For example, although traditional physics instruction seeks to build up content in a systematic manner, virtually all physics curricula assume that students know what a physical object is, and that they have some idea of what a force is. Strictly speaking, the notion of force is defined by the role it plays in physical laws. Nonetheless, it is traditional for physics instruction to define force as simply "a push or a pull." This is similar, in some respects, to our reliance, in the GWP, on what students know about light. Still, we believe that there are fundamental differences in how task-structured curricula rely on prior understandings; there are differences in the extent and diversity of prior knowledge resources that are built upon in a task-structured curriculum.
In summary, in this section we have looked at the nature of content in the GWP curriculum unit, and we have seen how the GWP exemplifies the properties that we ascribed to task-structured curricula: The content covered within this single unit cuts across multiple traditional topics and disciplines, and the manner in which specific issues are addressed depends in a sensitive manner on the task.
Learning in the GWP: The bootstrapping problem
Given the above discussion of content in the GWP -and in task-structured curricula generally -there are real reasons to worry about what students may be learning. A potential problem is encapsulated in what we earlier referred to as the bootstrapping problem: How can we expect students to work on problems and issues that cut across multiple disciplines if we have not already provided them with a solid foundation in these disciplines?
In the preceding sections, we hinted at one possible solution to the bootstrapping problem: We bootstrap by, in some cases, "making do" with intuitive understandings. This means that, for any task-structured curriculum, we make critical assumptions about where we can make do with students existing understandings. This, then, is something that we can attempt to validate empirically. We can ask: Are our assumptions valid? What happens in individual cases where students do not have what we assumed?
In this last part of the paper, we turn to our empirical studies of learning in the GWP, with an emphasis on the bootstrapping problem. Our purpose here is not to describe an extensive evaluation of the GWP. Rather, we will only attempt to provide the reader with a sense for the type of empirical work and analysis that we believe is required in order to understand issues of learning in task-structured curricula. Where we use data, we use it as a background for raising issues, rather than as the basis of a systematic analysis.
Data collection
In order to investigate issues of learning in the GWP, we designed clinical interviews to be conducted with students before and after the GWP. Our primary data corpus for this work was videotapes of these interviews.
The interview protocols have gone through several revisions, and have been employed in a number of contexts. Initially, we pilot-tested the interviews with 17 middle-school students in two schools that would provide the context for later study. These pilot interviews gave us a first read on the assumptions embedded in the GWP, and allowed refinement of the interviews.
During the following summer, we conducted pre-and post-interviews in the context of a summer workshop held at Northwestern University. For this summer workshop, we developed a shortened version of the GWP, designed to emphasize portions of the curriculum that were the focus of our interview (see below). In this context, we conducted pre-and post-interviews with 10 middle-school students (graduating eighth graders). These interviews were supplemented with observations of the workshop sessions.
In the final version of our data collection, we conducted interviews in the context of two full classroom enactments of the GWP, in 8 th -grade classrooms at two different schools. Pre-and post-interviews were conducted with 9 students, 5 from one school, 4 from the other. A member of the research team also observed classroom sessions on a daily basis. The first school was a relatively high-achieving school, located in a middle class neighborhood on the outskirts of Chicago. The second school was a moderately achieving urban middle school. This latter school has a high percentage of first-generation immigrants, mainly from Southeast Asia.
The interview design
The emphasis in the clinical interviews was on exploring some of the bootstrapping assumptions built into the GWP. In this paper, we will discuss two of these assumptions. First, as we have already mentioned, the GW curriculum assumes that students have a suitable understanding of the nature of light when they enter the curriculum. The GWP curriculum was designed with the implicit assumption that students understood light as radiating out from a central source, covering a larger area with less intensity the greater the distance from the light source. We wanted to explore this assumption.
Another part of the presumed background that we thought might be problematic has to do with the physical structure of the Earth-Sun system. In the curriculum, we essentially presume that students know that the Earth and Sun are both large spheres, and these spheres are separated by some distance in space. If students do not have at least a rudimentary understanding of this sort, much of the curriculum may be nonsensical.
Based on our reading of the literature on prior conceptions, we had some expectations concerning these assumptions. For the case of the physical structure of the Earth-Sun system, we felt we had reason to be optimistic. Although the literature indicates limits to student understanding in this area, it nonetheless suggests that the students in our target population are likely to know that the Earth is a sphere in space (Vosniadou and Brewer 1992 In contrast, for the case of light, the literature suggests that there is real reason for concern. As summarized in Driver (1994) , children seem to have problematic (for our case) conceptions that persist to middle school and beyond. Of particular worry for us was the observation that students in our target population might not even think of light as something that travels.
We set out to investigate both of these assumption by interviewing students before and after they participated in the GWP curriculum. In our interviews, we asked a variety of types of questions. Some of these questions were pointedly directed at the assumptions we were investigating. For example, in order to investigate students' understanding of the nature of light, we asked a set of questions based around a situation in which there is someone holding a lamp in an otherwise dark, large room. (Refer to Figure 7 .) In addition, we asked questions that were intended to cut across both sets of issues. For example, we asked some questions about climate phenomena:
• Why is it warmer in Florida and colder in Alaska?
• Why is it warmer in the summer and colder in the winter?
When answering these questions, it was hoped that students would reveal some of their understanding of the nature of light, as well as the structure of the Earth-Sun system.
Dedra's understanding of the nature of light
We begin by looking at our interviews with one student, Dedra, who was a student in the summer workshop conducted by researchers at Northwestern University. Here, we will focus on questions pertaining to the nature of light.
As stated above, one set of questions asked students to imagine a simple situation in which there is someone holding a light bulb in an otherwise dark, large room. The students were asked to imagine, first, that the person holding the bulb is standing relatively close to a wall and that the light shines on the wall. Then they were told to imagine that the person gradually walks away from the wall. Finally, the interviewer would ask: "How does what you see on the wall change as I walk backwards from the wall?" As mentioned above, the GWP curriculum was designed with the implicit assumption that students understood light as radiating out from a central source, covering a larger area with less intensity the greater the distance from the light source. In fact, most students, when asked the moving light bulb question, responded in a manner that is consistent with this model. However, in response to this question, Dedra, said that there would be an illuminated area on the wall, and that this would get smaller as the light bulb moved away from the wall. Here is an excerpt from her response (I = interviewer, D = Dedra): Like some other students, Dedra is answering these questions as if she is applying what we call the "sphere of illumination" model. This is a version of the problematic conception that we we mentioned above. In this model, there is no sense in which the light travels from the light bulb to the wall. Instead, when the light is turned on, it instantaneously creates an illuminated area of fixed size around it; there is a sphere of light around the bulb. Understanding the model in this way can help us to understand, for example, why Dedra says that "light only shines like in an amount of space." It can also help us to understand why she says that the illuminated area on the wall will get smaller. As the bulb moves away from the wall, the intersection of the sphere with the wall is a smaller and smaller circle. Figure 8 shows a drawing that Dedra made to illustrate this situation.
Furthermore, Dedra was consistent across the range of probes we employed in the first interview. In this regard, one of Dedra's later answers is also very telling. As part of the interview, the students were asked what happens at the instant the lamp is turned on. In particular, they were asked if the wall is illuminated immediately or if there would be a short delay. The majority of students responded that there would be a very short delay corresponding to the time it takes for the light to travel from the light bulb to the wall. But students reasoning from a sphere of illumination model said that the wall would be illuminated immediately.
I: At the instant that the bulb comes on does the light appear on the wall right away? Or is there like a little delay from when the bulb lights up till when the light's on the wall? D: Like, does the bulb come right on or does it like take a while for it to get all lit up? I: It comes all right on so it's completely bright right away. D: So, it comes directly on the wall. I: So it should be right at that instant. D: Hm-mm. … D: It would come right away-the reflection would come right on the wall.
Furthermore, Dedra -and other like-minded students -clung tightly to the assertion that the wall would be lit up instantaneously. In particular, they were clear that there was not even an extremely short delay, too short to be observed.
Given the design of the GWP curriculum, answers of this sort are reason for us to be concerned. What happens to students, such as Dedra, that seem to possess an understanding of the nature of light that is very different from the accepted scientific model? Is their understanding of light sufficient to support the learning that must go on in the curriculum? Will they "pick up" a more useful model of light? As we stated above, students may be exposed to descriptions such as the following:
Sun's rays reach the earth's atmosphere. Some sunlight is reflected by the earth's atmosphere and surface. Some sunlight is absorbed by the earth's atmosphere and surface. The energy that is absorbed contributes to the warmth we feel. … If Dedra doesn't even think of light as something that travels, what sense would she make of these statements? There is a range of possible answers to this question. At one extreme is the possibility that these statements will simply be meaningless to Dedra; she may not be able to understand them in any useful way. At the other extreme is the possibility that Dedra will "pick up" a more appropriate way of thinking about light, and she will understand these statements precisely as they are intended. We cannot, of course, give a fully general answer to these questions. However, we can present some excerpts from an interview we conducted with Dedra following her participation in the summer workshop. In this follow-up interview, we asked a series of questions that were similar to those in the earlier interview. When asked what would happen when the bulb is moved away from the wall, Dedra responded that the illuminated area would get bigger rather than smaller (refer to Figure 9) , and that the intensity would decrease: D: Like the reflection gets bigger. The farther you get away the dimmer the light gets.
Furthermore, throughout the follow-up interview, Dedra answered questions as if she were applying a model in which light travels outward from the source. For example, when asked again about the situation when the light bulb is switched on, she said there would be a very brief delay between when the light comes on and the wall lights up. Some care is needed in interpreting observations of this sort. It is not necessarily correct to say that, before the summer course, Dedra had one model and, after the course, she had the other. The range of possibilities is much broader. For example, both models may, in some sense, have been constructed during the respective interviews. Furthermore, it is possible that both ways of reasoning were accessible to her prior to the course. It may have been the case that, even before the course, Dedra could answer questions about light in a variety of ways, as if she were applying a range of different models of light.
Since this is an important point, we will elaborate just briefly. If we want to be conservative, then we must adopt a general stance: We must assume that Dedra's answers to these questions are generated by a complex ensemble of knowledge. We cannot assume that Dedra's answers can be attributed to any underlying mental model of light; rather, in the more general case, it is attributable to a collection of cognitive bits and pieces. If we view Dedra's learning about light from this perspective, there is the possibility that we are only seeing a shift in how Dedra tends to assemble these bits and pieces to generate an answer, at least in the particular situations that we happened to ask about in the interview.
Subtleties of this sort have significant implications for how we must understand the learning that occurs in the GWP, and in task-structured curricula generally. If it turns out that what we are seeing, in Dedra's case, is the tuning of a complex ensemble of knowledge, then the difficulties may not be as bad as one might have thought. It means, first, that Dedra really possesses many of the resources that are necessary for participation in the GWP. Second, it makes it more plausible that Dedra's understanding of the nature of light can evolve, in a useful manner, within the context of the GWP. If it were the case that Dedra possessed a single, monolithic, model of light, then replacing this model might well require explicit attention by the curriculum. In contrast, if there must only be a shift in how Dedra applies some of the bits and pieces of knowledge that she already possesses, then it is more plausible that this learning could happen in the background, without explicitly being addressed by the curriculum. For the sake of completeness, and in order to situate our interview with Dedra, we want to say just a little about how the other students we interviewed answered questions about the nature of light. First, during the pre-interviews, all but a few of the 36 students interviewed answered the questions in a manner consistent with a model of light as something that radiates outward from a source. When asked, for example, what would happen when the lamp was switched on, these students would say there would be a brief delay before the wall is illuminated, during which time the light travels from the lamp to the wall.
Nonetheless, there was some interesting variety within these traveling models. For example, students varied somewhat in how they accounted for the fact that the illuminated area on the wall would become dimmer as the lamp was moved away from the wall. Some students, for instance, attributed this dimming to the fact that the light spreads out as it moves away from the source. (This, roughly speaking, is the answer given by scientists.) In contrast, other students maintained that individual rays of light would become weaker as they moved away from the source (refer to Figure 10 ). In still other cases, even though students answered questions in a manner consistent with a radiating model, their models differed in dramatic respects from the accepted scientific model. For example, one student, Kelly, sometimes spoke of light "spreading out" after striking a surface. When she was asked, for instance, why Florida is typically warmer than Alaska, she said that this is because sunlight strikes directly on the equator, and then spreads out from this point, weakening along the way (refer to Figure 11 ).
K: When the light rays travel to the equator it spreads out. (She makes the little circle around the point of contact.) And maybe it would take, um, the light rays, maybe it would take longer to get up here (points near the pole).
Again, our purpose here has not been, principally, to give a taxonomy of student models of light. Rather, our purpose has been to illustrate some issues of learning in task-structured curricula, and to demonstrate how we might begin to explore these issues empirically. In particular, we looked at the background assumptions of the curriculum concerning the nature of light. In this regard, the results of our modest presentation are equivocal. It is certainly the case that many students do not possess an understanding of light that is entirely consistent with the accepted scientific model. However, it is not clear whether this will prevent the curriculum from achieving its learning goals. We saw, in Dedra's case, that it is at least possible for a student to "pick up" a more appropriate model of light, even though the nature of light was not explicitly addressed.
Furthermore, even if a student persists in giving non-canonical accounts of light-related phenomena, it is not clear whether this will prevent them from engaging in the task that is at the heart of the curriculum. The ultimate goal is for students to make recommendations as advisors to their chosen country. In order to make these recommendations, it may be enough, for example, for students to know that the amount of incoming solar energy varies with latitude, without knowing why this variation occurs. We will say more about this below. 
The structure of the Earth-Sun system
We were also concerned with what students knew about the structure of the Earth-Sun system. Did the students entering our curriculum have a sufficient model of the Earth-Sun system? Did they know that the Earth, which is a sphere, travels around the Sun, which is also a sphere? Our observations here are, in some respects, easy to report; this assumption proved to be largely unproblematic. Within the context of the questions that we asked, all of the students we interviewed seemed to be answering as if they had a model in which the Earth and Sun were spheres. This result is consistent with the research mentioned above; for example, prior research in this area suggests that, by this age, students know that the Earth is a Sphere (Vosniadou and Brewer 1992) . For illustration, Figure 12 shows a number of drawings made by students when they were asked to discuss seasonal temperature variation.
However, there were some important limitations to students' understanding of the structure of the Earth-Sun system. First, not all of the students seemed to have a clear understanding of the Earth's motion -that it rotates on its axis and revolves around the sun. In addition, there were problems of scale that have important implications for the understanding of climate phenomena. If the Earth-Sun system is drawn to scale, it appears roughly as shown in Figure 13 (the Earth is essentially invisible at this scale). Because the Earth is small in comparison to the distance between the Earth and Sun, all locations on the Earth can be treated as if they are the same distance from the sun. Furthermore, it is because the Earth and Sun are small in comparison to their relative separation that we can treat all incident radiation as consisting of parallel rays (refer to Figure 5 ). Figure 13 . The Earth-Sun system drawn to scale.
Earth Sun
Clearly, the drawings reproduced in Figure 12 are not consistent with the true scale of the EarthSun system. However, we must be careful when interpreting what these drawings indicate about students' understanding. These drawings were made to support an explanation of the seasons, not necessarily to accurately represent scale. Thus, if they were explicitly asked to produce a drawing that was true-to-scale, many of these students might make a very different drawing. Nonetheless, there is a problem here. At the least, the students do not understand that the relative differences in lengths involved are dramatic enough that they undermine their explanations. Here, we will just give one brief example to illustration how student explanations were undermined. During the follow-up interview, Mitchell drew the diagram in Figure 14 while explaining why the Earth is warmer near the equator and colder near the poles. Almost certainly, he did not intend to draw this diagram to scale. Nonetheless, notice that Mitchell's explanation relies on the assumption that the distance from the Sun to the Earth's equator is significantly smaller than from the Sun to the Earth's poles.
M: Like the Earth's equator is the most closest part to the sun. That's why it's hot and humid around there. But like, the top, Antarctica, that's why the north pole and south pole are so cold because it takes time for light to travel all the way up there and you'll get less sun light.
As with our discussion of the nature of light, our purpose here is not to give a systematic accounting of all student models of the Earth-Sun system. Rather, our purpose has been to illustrate issues of learning in task-structured curricula. As with the nature of light, the structure of the Earth-Sun is not explicitly addressed in the GWP curriculum. It is assumed that students have a least a rough understanding of this structure, that they know the Earth and Sun are spheres in space. This assumption seems to be largely borne out, but there are a few caveats. Most notably, students' understanding of issues of scale was problematic.
This discussion has implications for our studies of the learning that occurs in the GWP. Issues of scale are not explicitly addressed, but there are places in the curriculum that students could acquire this understanding, essentially as a side-effect of the curricular activities. At the least, they may learn what types of explanations of climate variation are acceptable (i.e., explanations based on angle of incidence, rather than distance of travel). But a question we must ask ourselves in these cases is: What if students never get it? What if, like Mitchell, some students in the GWP never understand why temperature varies with latitude? The curriculum is intended to help students understand why incoming solar energy and temperature vary with latitude; it is one of the explicitly stated learning goals. In that respect, if students never understand the reason for this variation, the GWP has failed. However, it is less clear whether such a failure would undermine other learning goals or the completion of the task. Students do need to know that incoming solar energy varies with latitude. In order to discuss climactic variation and, in particular, to discuss climate issues for the country whose policies they are trying to inform, they need to know that this variation occurs. But, as stated above, it is not clearly necessary for students to know why incoming solar energy varies with latitude. When making their proposals, students could essentially treat the amount of incoming solar energy as an input parameter, without further explanation. They would be missing an important part of the curriculum, but they might still be able to complete other aspects of the task.
Conclusion
In this paper, we have contrasted two styles of science curricula, task-structured and contentstructured curricula. We argued that, by their nature, task-structured curricula embody a different approach to science content. Individual task-structured curricula tend to address content across a range of traditional disciplines. In addition, the manner-or "depth"-to which the various portions of disciplinary content must be addressed is, to a great extent, dictated by the governing task.
Furthermore, we stated that, because task-structured curricula do not build up content in a systematic manner, there is reason to worry whether these curricula can achieve their learning goals. We referred to this issue as the bootstrapping problem. In response, we argued that empirical work is required in order to determine the extent to which the bootstrapping problem undermines the success of task-structured curricula. We did not attempt to draw any final conclusions in this regard. Instead, we only attempted to illustrate the sort of empirical work that we believe is required, and to point the direction for future work.
In the future, we believe that both specific and general studies are required. We need to look at the specific curricula that we have designed, articulate the assumptions that underlie these curricula, and look empirically at whether these assumptions are borne out. To a certain extent, this work is already underway in the attempts of individual designers to determine the effectiveness of the learning activities that they create. However, we believe that a more wideranging approach is also necessary; we need to look across task-structured curricula with an eye toward developing a broader account of the learning processes that occur within these curricula.
The hope is that such an endeavor can contribute to the formulation of principles for the design of task-structured curricula. Ultimately, we would like better answers to such questions as: How can we design tasks so as to best make connections to interesting content? Where is it necessary to unpack content in more detail and when can we "make do" with the understanding that students bring to the classroom? How can we design partial understandings of more difficult content, so that students can make progress on a task without fully mastering the rigors of an advanced discipline? When we can answer these questions, we will be further along in our attempts to develop a principled practice of science education.
